We studied the regulation of N-methy-D-aspartate receptor (NMDAR) current/activation by glutamate transporter type 3 (EAAT3), a neuronal EAAT in vivo, in the restricted extracellular space of a biological model. This model involved co-expressing EAAT3 and NMDAR (composed of NMDAR1-1a and NMDAR2A) in Xenopus oocytes. The NMDAR current was reduced in the coexpression oocytes but not in oocytes expressing NMDAR only when the flow of glutamate-containing superfusate was stopped. The degree of this current reduction was glutamate concentration-dependent. No reduction of NMDAR current was observed in Na + -free solution or when NMDA, a non-substrate for EAATs, was used as the agonist for NMDAR. In the continuous flow experiments, the dose-response curve of glutamate-induced current was shifted to the right-hand side in co-expression oocytes compared with oocytes expressing NMDAR alone. The degree of this shift depended on the abundance of EAAT3 in the co-expression oocytes. Thus, the glutamate concentrations sensed by NMDAR locally were lower than those in the superfusates. These results suggest that EAAT3 regulates the amplitude of NMDAR currents at pre-saturated concentrations of glutamate to EAAT3. Thus, EAATs, by rapidly regulating glutamate concentrations near NMDAR, modulate NMDAR current/activation.
Glutamate is a major excitatory neurotransmitter. Since no enzymes have been found to metabolize glutamate extracellularly, glutamate can be cleared from the synaptic cleft in two ways: diffusing away and being uptaken into cells by glutamate transporters (also called excitatory amino acid transporters, EAATs) (Clements et al., 1992; Danbolt, 2001) . Five EAATs have been characterized so far: EAAT 1-5 (Danbolt, 2001) . In rat, EAAT1 and 2 are expressed in glial cells and EAAT3 and 4 are expressed mainly in the postsynaptic elements, such as dendritic shafts, spines and axons of neurons (Rothstein et al., 1994) . EAAT5 is mainly distributed in glial cells or neurons of the retina (Arriza et al., 1997) .
The regulation of extracellular glutamate homeostasis by EAATs has been investigated by two approaches: molecular biology manipulations, in which the expression of a selective EAAT is disrupted, and pharmacological blockade, in which transporter function is inhibited with appropriate inhibitors. By using molecular biology technique, it has been shown that mice that lack EAAT1 or EAAT2 expression had increased extracellular concentrations of glutamate and that the animals were susceptible to seizures and excitotoxic cell death (Rothstein et al., 1996) . Although such an approach provides important functional information on EAATs to regulate extracellular concentrations of glutamate in the central nervous system, the chronic inhibition of the gene expression may induce compensatory mechanisms and will not provide information on the dynamics of extracellular glutamate homeostasis in response to acute disruption of the uptake system.
Pharmacological blockade of EAATs has been used to study the role of EAATs in the dynamics of glutamate homeostasis. The inhibition of EAAT activity has been shown to prolong the glutamate-induced current, leading to a slowed excitatory post-synaptic current (EPSC) decay at some synapses (Barbour et al., 1994; Diamond and Jahr, 1997; Kinney et al., 1997; Mennerick and Zorumski, 1994; Otis et al., 1996; Takahashi et al., 1995; Tong and Jahr, 1994) . A recent study further suggests that glutamate translocation by EAATs is important in control of EPSC decay (Mennerick et al., 1999) .
We used a different approach, co-expression of N-methy-Daspartate receptor (NMDAR) and EAATs, to investigate the role of EAATs in the control of NMDAR activation. We artificially expressed NMDAR with or without a neuronal EAAT, EAAT3, in Xenopus oocytes. This approach allowed us to compare the activation of NMDAR in the presence or absence of EAAT3 without the need to use multiple inhibitors for EAATs or glutamate receptors. By using this model, we tested the hypothesis that EAATs regulate NMDAR activation/current induced by glutamate.
Materials and methods
The animal protocol was approved by the Institutional Animal Care and Use Committee at the University of Virginia. All animal experiments were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised in 1996. All efforts were made to minimize the number of animals used and their suffering.
Materials
All reagents, unless specified below, were obtained from Sigma Chemical (St Louis, MO, USA).
cRNA preparation
Rat EAAT3 cDNA in a commercial plasmid vector (BluescriptSKM) was provided by Mattias A. Hediger. Rat NMDAR1-1a in pBS SK(-) and rat NMDAR2A in pBS SK(+) were from Steve F. Heinemann. The cDNAs were linearized with restriction enzymes that were suggested by the people who made the constructs. The capped cRNAs were transcribed using a commercial T7 polymerase (Ambion, Austin, TX, USA).
Oocyte preparation and injection
These procedures were performed as we described before (Do et al., 2001 (Do et al., , 2002b Fang et al., 2002) . Briefly, one day before cRNA injection, stage V-VI oocytes were isolated from adult female Xenopus laevis (Daudin) frogs (Ann Arbor, MI, USA anesthetized with 0.2% 3-aminobenzoic acid ethyl ester. After being surgically removed from the frog, oocytes were defolliculated with 20·mg collagenase (Type 1a) in 20·ml of Ca 2+ free OR2 solution (containing in mmol·l -1 : NaCl 82.5, KCl 2.0, MgCl 2 1.0, and HEPES 5.0, pH adjusted to 7.4) for 2·h at room temperature (22°C). Oocytes were injected (Drummond 'Nanoject', Drummond Scientific Co., Broomall, PA, USA) with 40·ng·cRNA of EAAT3 or 10 or 40·ng·cRNA of NMDAR1-1a and NMDAR2A (1:4 weight ratio). Oocytes were then incubated at 16°C in modified Barth's solution (containing in mmol·l -1 : NaCl 88, KCl 1, NaHCO 3 2.4, CaCl 2 0.41, MgSO 4 0.82, Ca(NO 3 ) 2 0.3, gentamicin 0.1, and HEPES 15, pH adjusted to 7.4) before voltage clamping was performed.
Electrophysiological recordings
As we described before (Do et al., 2002b; Fang et al., 2002) (Durieux, 1993) . Current was examined for 70·s (25·s of application of glutamate or NMDA, 45·s of recovery with a glutamate-and NMDA-free superfusate) at a holding potential of -70·mV. Flow-stopped experiments, as modified from a previous study (Supplisson and Bergman, 1997) , were performed by applying glutamate or NMDA for 25·s and then flow stopping for 15·s before the flow was resumed for 5·s with a glutamate-or NMDA-containing solution followed by a 35·s of recovery with a glutamate-and NMDA-free superfusate. At least 2·min interval time was allowed after each measurement. Response was quantified by measuring the peak current using OoClamp program. All experiments were performed at room temperature. 
Administration of experimental chemicals

Results
Expression of NMDA receptors and EAAT3
L-glutamate and/or glycine did not induce any current in oocytes uninjected or injected with water (solvent for mRNA of EAAT3, NMDAR1-1a and NMDAR2A) (data not shown). However, oocytes injected with mRNA of EAAT3 or the combination of NMDAR1-1a and NMDAR2A showed inward currents after application of L-glutamate. The responses were concentration-dependent (Fig.·1) . The EC 50 of EAAT3 and NMDAR for L-glutamate was determined to be 31.8±6.5·µmol·l -1 (N=12) and 3.58±0.87·µmol·l -1 (N=16), respectively, similar to those reported in the literature (Do et al., 2002a,b; Supplisson and Bergman, 1997 
Reduction of NMDAR currents in EAAT3
+ oocytes under stopped-flow condition In oocytes expressing NMDAR only (EAAT3 -), the glutamate-induced current remained stable when the flow of the L-glutamate-containing superfusate was stopped. By contrast, co-expressing oocytes developed a marked decrease of the inward current when the superfusion was stopped (Fig.·2 ). Reestablishing the flow restored the full amplitude of the current (Figs·2 and 3). This phenomenon is called stoppedflow reduction of NMDAR current in this paper.
Since the above results suggest that the stopped-flow reduction of NMDAR current is due to the expression of EAAT3 in the co-expressing oocytes, further experiments to determine whether normal function of EAAT3 is important for this phenomenon. It is known that EAATs are Na + -cotransporters and their transport functions are abolished in a Na + -free solution (usually replacing Na + with Li + ) (Mennerick and Zorumski, 1994; Roskoski, 1979; Zuo, 2001) . Consistent with this idea, L-glutamate in a Na + -free and Li + -containing solution did not induce any current in oocytes expressing EAAT3 only (data not shown). When the same solution was applied to co-expressing oocytes, no stopped-flow reduction of NMDAR current was observed (Fig.·3) . NMDA is an agonist for NMDAR but not a substrate for EAATs (Jabaudon et al., 1999) . Consistent with this conclusion, in our study, NMDA induced an inward current in oocytes expressing NMDAR but not in oocytes expressing EAAT3 only (data not shown). When NMDA in Na + -containing solution was used to superfuse the co-expressing oocytes, no stopped-flow reduction of NMDAR current was observed (Fig.·3) .
The degree of stopped-flow reduction of NMDAR current depended on the concentrations of glutamate in the superfusates (Fig.·4 ). When glutamate concentrations were more than 100·µmol·l -1 , stopping the flow produced a small reduction or no reduction at all (Fig.·4 ). This phenomenon is expected for a saturable uptake process operating in the presence of substrates at supra-saturable concentrations. 
Reduction of NMDAR currents is a result from the EAAT3-caused decrease in local glutamate concentrations
Reduction of NMDAR current in EAAT3
+ oocytes under continuous flow condition Under continuous flow condition, L-glutamate at concentrations lower than 30·µmol·l -1 (no saturating concentrations for NMDAR) induced smaller currents in coexpressing oocytes than those in oocytes expressing NMDAR only (Fig.·6 ). This reduction can be quantitatively expressed as lower local glutamate concentrations being sensed by NMDAR in co-expressing oocytes than those in oocytes expressing NMDAR only (Fig.·5 ).
This reduction can also be quantitatively expressed as EC 50 being right-shifted (Fig.·7) (Fig.·7A) (Fig.·7C) . A linear correlation between the EC 50 of glutamate-induced current responses and the ratio of EAAT3 current/total glutamate-induced current in the co-expression oocytes was apparent (Fig.·7D) (Fig.·7C) .
These results suggest that EAAT3 can decrease glutamate concentrations sensed by NMDAR in the co-expressing oocytes even under the continuous flow conditions, generating a steady-state glutamate concentration gradient between the bath solution and the cell membrane. The apparent affinities for glutamate in EAAT3 + oocytes appeared different from those in EAAT3
-oocytes even at early response time (Fig.·6) , suggesting that the glutamate gradient was established as fast as the change of glutamate concentrations in solution.
Discussion
Control of NMDAR activation by EAAT3
Since both NMDAR and EAAT3 are expressed in the postsynaptic membrane in vivo, we simulated this situation by coexpressing these two proteins in Xenopus oocytes. In mature Xenopus oocytes, it was estimated that the membrane area is about eight times larger than that expected for a smooth sphere of the same apparent diameter (Supplisson and Bergman, 1997) . Morphologically, this phenomenon is due to the presence of numerous small microvilli (6-7·µm 2 ) at the oolemma (Zampighi et al., 1995) . These features of oocytes provide us a useful model since in many biological systems including synapses, the solute molecules en route to the membrane need to overcome diffusion barriers that produce small compartments where fine regulation of the concentrations of the molecules can take place. Near oocyte plasma membrane, the uptake of a molecule is counterbalanced by the passive diffusion of the molecule in the bath solution to form a concentration gradient across a diffusion barrier. In oocytes, the vitelline envelope is 1-5·µm thick and produces an apparent unstirred layer of d=~11·µm, which limits rapid exchange of molecules between bath solution and the space near oocyte membrane (Costa et al., 1994; Supplisson and Bergman, 1997) .
Our results showed that EAAT3 + oocytes had a fast recovery of NMDAR current in the stopped-flow experiments and a smaller NMDAR current in response to a non-saturating concentration of glutamate in the continuous flow experiments than EAAT3 -oocytes. These results suggest that EAAT3 regulates NMDAR currents. Previous studies have demonstrated that the application of EAAT inhibitors in brain slices or cell cultures increased the peak glutamate concentration in the synaptic cleft and prolonged EPSC decay at some synapses (Barbour et al., 1994; Diamond and Jahr, 1997; Kinney et al., 1997; Mennerick and Zorumski, 1994; Otis et al., 1996; Takahashi et al., 1995; Tong and Jahr, 1994) . The action of EAATs at controlling the amplitude of EPSC has also been reported (Diamond, 2001; Diamond and Jahr, 1997; Tong and Jahr, 1994) . Thus, EAATs, by regulating glutamate concentration in synapses, modulate glutamate neurotransmission such as that through NMDAR.
However, the modulation of glutamate neurotransmission by EAATs is not effective in all synapses. For example, studies of small simple synapses like hippocampal Schaffer collateral to pyramidal cell synapses have showed that inhibition of EAATs did not change the decay of EPSC (Hestrin et al., 1990; Isaacson and Nicoll, 1993; Sarantis et al., 1993) . This failure to modulate may be due to very few EAATs that are expressed nearby to the glutamate receptors or a small quantitative ratio of EAATs/glutamate receptors. Under these conditions, small amount of glutamate from the total glutamate pool will bind to EAATs and the inhibition of EAATs may not significantly change the amount of glutamate available to glutamate receptors. To experimentally model this situation, we compared the effects of EAATs on NMDAR current in oocytes with different expression ratios of EAAT3/NMDAR. Our results showed that oocytes with smaller ratio of EAAT3/NMDAR had smaller changes in amplitude of NMDAR currents compared to oocytes with NMDAR alone. Consistent with our results, the synapses in which the inhibition of EAATs did not affect the EPSC usually have limited glial covering or large distance between the synaptic cleft and glial membrane .
How do EAATs alter the availability of glutamate to glutamate receptors in synapses and, thus, regulate glutamate neurotransmission? Each transport cycle of glutamate by EAATs consists of at least three stages: glutamate binding, glutamate translocation and an anion-conducting state (Billups et al., 1998; Grewer et al., 2000) . It was calculated that the time constant for a complete cycle of transport at -80·mV and 22°C is approximately 70·ms, which is significantly slower than the estimated glutamate-decay time constant in hippocampal synapses (~1-2·ms) (Clements et al., 1992) . This difference was predicted to be true also at the physiological temperature (Wadiche et al., 1995) . Thus, whether EAATs really constitute a major mechanism for removing released glutamate was questioned (Wadiche et al., 1995) . However, binding and translocation of glutamate may have rapid kinetics (Mennerick et al., 1999; Tong and Jahr, 1994) . It was estimated by applying the laser-pulse photolysis technique of caged glutamate with a time resolution of 100·µs that glutamate translocation occurs within a few milliseconds after being bound to EAAT3 (Grewer et al., 2000) . Johr and colleagues have proposed that the action of EAATs at controlling EPSC is a consequence of rapid buffering of glutamate by a high density of binding sites provided by EAATs near to glutamate receptors (Diamond and Jahr, 1997; Tong and Jahr, 1994 ).
Z. Zuo and H. Fang D Glutamate transporter and NMDA receptor Implications As discussed in the above section, studies in the literature have suggested the regulation of the amplitude of EPSC by EAATs. However, those studies were performed with use of various combinations of inhibitors to isolate glutamate receptor-mediated EPSC from that caused by other neurotransmitters. In addition, due to the lack of nontransportable inhibitors, most of those early studies were performed with transportable EAAT inhibitors. These EAAT inhibitors can induce glutamate release from intracellular space via heteroexchange (Volterra et al., 1996) . Thus, the use of these inhibitors may have resulted in overestimation of the EAAT roles in maintaining extracellular glutamate homeostasis. To overcome this problem, Jabaudon et al. (1999) applied DL-threo-β-benzyloxyaspartate (TBOA), a nontransportable EAAT inhibitor developed recently, to rat hippocampal slice culture and used the NMDAR of patched CA3 hippocampal neurons as 'glutamate sensors'. They found that under basal conditions, the activity of EAATs compensates for the continuous, non-vesicular release of glutamate from the intracellular compartment. The inhibition of EAAT activity by TBOA immediately results in significant accumulation of extracellular glutamate (Jabaudon et al., 1999) . The inhibition of postsynaptic EAATs in CA1 pyramidal cells by TBOA has been shown to enhance the activation of NMDAR by neurotransmitter spillover from neighboring synapses onto the synapses of these pyramidal cells (Diamond, 2001) . We co-expressed NMDAR and EAAT3 in oocytes and did not need to use inhibitors to isolate NMDAR responses for study.
Our results showed that the effects of EAAT3 on the NMDAR activation decreased as the extracellular glutamate concentration increased. The effects were minimal at 100·µmol·l -1 or higher concentrations of glutamate. Although glutamate concentration in the synaptic cleft during excitation (which may vary in different synapses) is not known, it is believed that the concentration is in micro molar level (Danbolt, 2001) . Thus, the in vivo glutamate concentrations in the synaptic cleft may fall into the concentration range that can be regulated by EAATs to effectively modulate glutamate receptor activation as demonstrated in our study. However, the degree of the effects of EAATs on glutamate receptor activation in vivo is obviously dependent on the density of EAATs and the distance between EAATs and glutamate receptors. The density of heterologous expression of transporters in oocytes usually is at about 150-3000 transporters·µm 2 (Mager et al., 1993; Supplisson and Bergman, 1997; Zampighi et al., 1995) . This density is lower than that estimated in the nervous tissue because 15,000 and 21,000 glial EAAT molecules were calculated to be present per·µm 2 in the stratum radiatum of hippocampus CA1 and molecular layer of cerebellum, respectively , and EAAT4 is at an average density of ~2000 molecules·µm 2 of the molecular layer (Dehnes et al., 1998) . Thus, the effects of EAATs on glutamate receptor activation under in vivo conditions may be bigger than that in our study. However, the distance between EAATs and glutamate receptors in vivo may be larger than that in oocytes (we assume that NMDAR and EAAT3 proteins are distributed evenly at the surface of the oocyte including the microvilli). Only can EAATs located inside the synaptic cleft regulate glutamate concentrations there. However, all five EAATs cloned so far appear to be present outside synaptic cleft except for EAAT4 on the postsynaptic densities of Purkinje cell spines (Danbolt, 2001) . The perisynaptical distribution of neuronal EAATs such as EAAT3 may limit glutamate diffusing into synapses from outside (Diamond, 2001 ). 
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